Investigation and optimization of the electro-discharge machining parameters of 2024 aluminum alloy and Al/7.5% Al 2 O 3 particulate-reinforced metal matrix composite DOI 10.1515/secm-2016-0091 Received March 22, 2016 accepted May 28, 2016; previously published online September 17, 2016 Abstract: Being newly advanced materials, metal matrix composites enjoy the properties of high service temperature, light weight, high specific strength, good wear resistance, high stiffness, and a low thermal expansion coefficient. However, machining these materials by conventional methods is difficult. A key machining process for difficult-to-machine materials like composites is electro-discharge machining, which is widely used in non-conventional material removal processes. The current work aims to identify different parameters, such as voltage, current, pulse on-time, and pulse off-time, which influence the material removal rate (MRR), tool wear rate (TWR), and surface roughness (SR). By applying regression equations, a mathematical model is adopted to estimate MRR, TWR, and SR. The optimum machining parameters are investigated using the Taguchi method with L9 orthogonal array. The optimum values are also analyzed by multi-objective Taguchi method with calculation of total normalized quality loss (TNQL) and multisignal to noise ratio (MSNR) included. Analysis of the Taguchi method introduced voltage and pulse off-time as the two main significant factors that influence the value of the material removal rate. The discharge current and pulse off-time also have a statistically significant impact on both tool wear rate and surface roughness.
Introduction
As one of the consequential metal matrix composites (MMCs) with diverse properties like lower density, light weight, high strength, heat resistance, stiffness, and significant wear resistance, Al 2 O 3 particle-reinforced aluminum matrix composites may be used in automobile, aerospace, and defense industries. Combining the metallic properties of matrix alloys with the ceramic properties of reinforcements, these composites lead to greater strength in shear and compression as well as higher service-temperature capabilities [1] . Aluminum oxide is chemically consistent with aluminum and creates an adequate bond with the matrix, which is free from developing intermetallic phases. Owing to greater hardness and reinforcement strength, composite materials are difficult to be machined by traditional techniques and, accordingly, the electro-discharge machining (EDM) process is a viable method to process these kinds of materials [2] . EDM of composite materials has been already studied by some researchers. An attempt in this connection has been made to develop mathematical models for optimizing EDM characteristics, such as material removal rate (MRR), tool wear rate (TWR), and surface roughness (SR).
The effects of current, pulse on-time, and flushing pressure on responses, like MRR, TWR, and SR were investigated by Singh et al. [3] . To machine LM 25 Al alloy-SiC composites, Karthikeyan et al. used copper electrode and investigated the effects of volume percent of SiCP, pulse duration, and current on TWR, MRR, and SR [4] . The mathematical models seek to achieve higher MRR and lower TWR with much accuracy and SR. To estimate the cutting speed and surface finish, neural network system was used by Tarng et al. to determine the settings of pulse duration, pulse interval, peak current, open circuit voltage, servo reference voltage, electric capacitance, and table speed [5] . Based on the analysis of variance, factorial design method was used to identify the optimal combination of control parameters in wire EDM, demonstrating that pulse frequency, discharge current, and pulse duration are significant control factors for both the MRR and SR [6] . In order to determine the optimal setting of EDM parameters, the Taguchi method was adopted, whereas George et al. studied the machining of carbon-carbon composites, in which the input parameters were current, voltage and pulse on-time, and MRR and electrode wear rate served as the responses [7] . By examining the surface profile of 2080 tool steel that was machined under varying machining parameters, Cogun et al. found that a rise in discharge current, pulse duration, and dielectric flushing pressure cause SR to increase [8] . To optimize the process parameter of powder-mixed EDM, Kansal et al. employed the empirical relation of the machining responses and adopted the response surface methodology technique [9] . This review selected pulse on-time, duty cycle, peak current, and concentration of SiC powder as variables. The combination of high peak current and high concentration brings higher MRR and smaller SR. They also reported the error between experimental and predicted values of MRR and SR within 7.8% and 7.85%-3.15%, respectively. Then, Sharif et al. established the empirical relation of the machining responses by response surface methodology technique [10] as well as studied the effect of SiC powder in dielectric on the machining of the Ti-6246 work piece. The result indicated that MRR, TWR, and surface quality were greatly influenced by the current, voltage, and pulse on-time, and that the SR was highly affected by the presence of SiC additives. Meanwhile, Tantra et al. tested the evaluation of model set forth by Heuvelman on the erosion strength of the material to predict tool wear and their applicability to EDM process [11] . Based on the experimental results, no direct correlation with the observation was demonstrated by the Heuvelman model.
Less comparison has been made in the past between EDM of Al/Al 2 O 3 MMCs and 2024 alloys. This gap in the literature highlights the need to study the issue with the purpose of achieving mathematical models to enhance the performance. The current attempt investigated the impacts of reinforcement volume (5% Al 2 O 3 ) in the metal matrix alloy (Al/5% Al 2 O 3 MMCs) on the MRR and TWR of EDM. Moreover, SR measurements were examined on the machined surfaces. The machining of Al/5%Al 2 O 3 MMCs was compared with that of 2024 alloy within the same machining conditions. Furthermore, the effects of the input parameters of voltage gap, pulse current, pulse on-time and pulse off-time on output parameters, such as MRR, TWR, and SR were investigated on both the abovementioned materials by using the Taguchi method to achieve the highest MRR and the lowest SR and TWR. Accordingly, the quantitative mathematical models were employed to examine the effects of voltage, discharge current, pulse on-time, and pulse off-time on the performance characteristics of MRR, TWR, and SR.
Materials and methods

Equipment used and experimental procedure
The machine used to perform the experiments was a die- Tables 1  and 2 , respectively.
Tests method used
The experiments were performed on two different materials of 2024 aluminum alloy composites, which were 
Design of experiments
Experiments were conducted according to L9 Taguchi orthogonal array, which had nine numbers of experimental run. The repetitive-level technique applying a repeated voltage level of 80 V were used to optimize the number of experiments, because the electro discharge machine used in this study only had two voltage levels. Conditions and setting of EDM are shown in Table 3 . The relation between the parameters was identified using MiniTab ® 16.1.1 software. The essential parameters of the experiment are given in Table 4 . Changes in electrode weight and material weight were measured by AND GR-300 balance before and after the process; the elapsed times were recorded after each machining test [12] . The SR of the Al/5%Al 2 O 3 MMCs and 2024 alloy was measured by Mahr M300-RD18 roughness measurement device. MRR and TWR are calculated by using Equations 1 and 2 [13] 
where for MRR (mm 3 /min), W 1 is the initial weight of workpiece in gram, W 2 is the final weight of workpiece in gram, t is the machining time in minutes, and ρ w is the density 
where for TWR (mm 3 /min), T 1 is the initial weight of electrode in gram, T 2 is the final weight of electrode in gram, t is the period of trials in minutes, and ρ T is the density of copper. To select an appropriate orthogonal array for the experiments, the total degrees of freedom need to be computed. The degrees of freedom are defined as the number of comparisons between process parameters that must be made to determine which level is better and specifically how much better it is. Once the degrees of freedom are known, the next step is to select an appropriate orthogonal array to fit the specific task. The orthogonal array selected is based on the freedom degree of process parameters. The DOF were determined using Equation 3 . A statistical analysis of variance (ANOVA) was performed to identify the process parameters that were statistically significant.
Results and discussion
Control factors and selection of the Taguchi standard orthogonal array
The output parameters of SR, MRR, and TWR in this study were measured as technological response variables. The machining parameters included the input parameters of the EDM process, namely, voltage, current, pulse on-time, and pulse off-time. Table 4 displays the design factors and selected levels for each experimental parameter. According to Table 5 , the L9 orthogonal array was used. The table presents the experimental design matrix and results for MRR, SR, and TWR for both machining conditions in the present study, which are applied to Al/5%Al 2 O 3 MMCs and 2024 alloy. The objective of this paper is to present the mathematical models for modeling and analyzing the effects of the machining parameters on the performance characteristics in the EDM process of 2024 alloy and Al/5%Al 2 O 3 MMCs. The mathematical models are developed using the response surface methodology (RSM) to explain the influences of the machining parameters on the performance characteristics in the EDM process. The RSM is an empirical modeling approach for determining the relationship between various process parameters and responses, on the one hand, and the different desired criteria on the other hand. The RSM is also used for searching the significance of these process parameters on the coupled responses. The process design factors with their values on different levels are listed in Table 6 . The effects of voltage, current, pulse on-time, and pulse off-time on MRR in the machining of both materials used are illustrated in Figures 1 and 2. As shown in Figure 2 , which is related to EDM of 2024 alloy, increase in current, voltage, and pulse on-time causes increasing MRR, whereas an increase in pulse off-time causes MRR to decrease. In comparison, as shown in Figure 2 , an increase in voltage causes MRR to decrease. Table 7 shows the ANOVA results of MRR for 95% confidence levels with p values that are smaller than 0.05, based on analyses of the S/N ratios for the machining of Al/5%Al 2 O 3 MMCs. Table 7 indicates that voltage leaves the greatest effect on the TWR followed by current, pulse 
The results of ANOVA for the response functions MRR in the machining of 2024 alloy is given in Table 8 
As observed from the main effects plots of SR ( Figures 3  and 4) , pulse off-time has a significant effect on SR followed by current, pulse on-time, and voltage. Table 9 
The results of ANOVA for the response functions of SR in the machining of 2024 alloy are given in Table 10 . Meanwhile, Equation 7 shows the regression equation of SR in the machining of 2024 alloy. The influence of TWR in the machining of both materials used on each level of control variables are plotted on the graphs shown in Figures 5 and 6 . According to these figures, an increase in voltage, current, and pulse on-time cause a decrease in TWR, but an increase in pulse off-time causes TWR to increase. Table 11 shows the results of ANOVA of TWR for 95% confidence levels with p values smaller than 0.05, based on analyses of the S/N ratios for the machining of Al/5%Al 2 O 3 MMCs. Table 11 indicates that current leaves the greatest effect on the TWR followed by pulse off-time, pulse on-time, and voltage. The results of ANOVA for the response functions of TWR in the machining of 2024 alloy are given in Table 12 . Equation 9 shows the regression equation of TWR in the machining of 2024 alloy. 
The mathematical model presented above can be used to predict the values of MRR, EWR, and SR within the limits of the factors studied.
Interaction plot of MRR, SR, and TWR
Creating an interaction plot matrix can show us the interactions between factors, regardless of whether they exist or not. No interaction is represented within parallel lines in an interaction plot. However, the interaction plot does not reveal whether the interaction is statistically significant or not. Interaction plots usually make the visualization of interactions possible during the design of experiments. Figures 7 and 8 demonstrate the interaction plots of voltage, current, pulse on-time, and pulse off-time on MRR in the machining of both applied materials; as can be seen, non-parallel lines exist among these four parameters. Figures 7 and 8 also display briefly the combined effects of gap voltage, current, pulse on-time, and pulse off-time on MRR in the machining of 2024 alloy. The rise of MRR and current is due to ease of the melting, vaporization, and dielectric explosion. With an increase in pulse on-time, MRR increases first, and then decreases. This can be attributed to the fact that less vaporization on the workpiece surface takes place because of a very short pulse on-time, while longer pulse on-time makes the machining process unstable because of the increased short-run circuiting probability. MRR is lower at higher voltages because of the non-flushing of debris, which is entrapped in the spark gap and may not be carried away immediately by the dielectric fluid. The plots of main factors and interaction graphs for the process parameters on SR in the machining of 2024 alloy and Al/5%Al 2 O 3 MMCs are shown in Figures 9 and  10 , respectively. The plots show that SR increases with the increase of current. It should be noted that an increase in current and pulse on-time cause SR to decrease in the machining of both materials used. As the pulse off-time varies from 30 to 70 µs, the SR in the machining of 2024 alloy decreases and the variation of 70-200 µs leads to an increase in SR as compared to a situation when the machining of Al/5%Al 2 O 3 MMCs is performed.
According to Figures 11 and 12 , increase in voltage, current, and pulse on-time cause a decrease in TWR. As shown in Figures 11 and 12 , which are related to EDM of both materials used, an increase in pulse off-time causes an increase in TWR.
Signal-to-noise ratio analysis based on the Taguchi method
The ANOVA based on the Taguchi method displays the relationship between the machining parameters and observed values [14, 15] . the performance characteristics in the analysis of the S/N ratio are identifiable, including the lower-the-better, the higher-the-better, and the nominal-the-better, respectively. The minimum TWR and SR and the maximum MRR are considered in order to obtain the optimal machining performance. Therefore, the lower-the-better TWR and SR and the higher-the-better MRR are selected. The following equation is ued to calculate the S/N ratios: For smaller the better:
where η i is the S/N ratio at the i th test, y i is the i th test, and n is the total. For larger the better:
The estimated S/N ratio using the optimal machining parameters for SR and TWR, and for MRR can be obtained by using Equations 10 and 11, respectively, and the corresponding SR and TWR as well as the MRR can also be calculated by using Equations 10 and 11, respectively. The larger the better and the smaller the better principles are used in the present study to maximize the MRR and minimize the SR and TWR, respectively. Those factor levels that maximize the appropriate S/N ratio are deemed optimal. This research aimed at achieving maximum MRR and minimum SR (Ra) and TWR in a machining operation.
Smaller Ra values indicate better or improved SR. Thus, the current study adopted and introduced a "smaller thebetter" quality feature. To estimate the S/N ratio, the SR and TWR are measured using Equation 10 (Table 13) , and MRR is measured using Equation 11 (Table 14) .
Calculation of total normalized quality loss and multilingual-to-noise ratio
Reducing variability must be performed to normalize the scale of the quality loss for each response. Regarding each response, the quality loss per trial is divided by the maximum quality loss within the i trials. Accordingly, 1 is the largest normalized value. The smaller normalized value entails the smaller quality loss. Therefore, ranges of the normalized quality loss fall between 0 and 1, which make it possible to directly sum up the quality loss for For explanation of bold fonts, see Section 3.4 Calculation of total normalized quality loss and multilingual-to-noise ratio.
each response. Second, to compute the total normalized quality loss (TNQL) per trial, a proper weight is assigned to each response by using Equation 12 .
After calculating the total normalized quality loss TNQL i corresponding to each trial condition, the next step is to compute the multiple S/N ratio (MSNR) at each design point. The MSNR values calculated through the nine steps are shown in Tables 15 and 16 . The MSNR corresponding to MSNR i is calculated using Equation 13 [13] .
Calculation of the multilingual-to-noise ratio for each parameter at various levels
A test was conducted using a specific combination of the factors and levels evaluated earlier to confirm the experiment. A new experiment was performed with the optimum levels of the machining parameters following the determination of the optimum circumstances. As soon as the optimal level of the process parameters is chosen, the researcher attempted to perform the final step to predict and verify improvement of the performance feature through the optimal level of the process parameters [16] . Using the optimal level of the process parameters, the estimated S/N ratio η 0 is calculated based on Equation 14
where η m is the total mean of the S/N ratio, η i , is the mean S/N ratio at the optimal level, and k is the number of the process parameters that highly affect the performance feature [12] . As shown in Table 17 , the maximum average S/N ratio for each parameter in different levels of the 2024 alloy machining regarding maximum MRR, minimum For explanation of bold fonts, see Section 3.4 Calculation of total normalized quality loss and multilingual-to-noise ratio. TWR, and SR is obtained at level 2 of voltage, level 1 of pulse current, level 2 of pulse on-time, and at level 3 of pulse offtime; A2B1C2D3 is also the optimum parameter setting for maximum MRR and minimum TWR and SR. The results of the maximum average S/N ratio for each parameter in different machining levels of Al/5%Al 2 O 3 MMCs concerning maximum MRR and minimum TWR and SR are depicted in Table 18 . The results revealed that level 2 of voltage, level 1 of pulse current, level 1 of pulse on-time, and level 3 of pulse off-time comprise the optimum parameter setting for maximum MRR and minimum TWR and SR. A2B1C1D3 is considered the optimum parameter setting for maximum MRR and minimum TWR and SR. Tables 17 and 18 demonstrate the optimum combinations in the machining of both materials used. Table 18 shows the results of the confirmation experiment using the optimal parameters in the machining of Al/5%Al 2 O 3 MMCs.
Effect of Al 2 O 3 on surface roughness
The surface machined micrographs of 2024 alloy and Al/5%Al 2 O 3 MMCs with the identical machining conditions for both are presented in Figures 13 and 14 , respectively. Bold font indicates the maximum average S/N ratio for each parameter in different levels of the 2024 alloy machining regarding maximum MRR, minimum TWR, and SR is obtained at level 2 of voltage, level 1 of pulse current, level 2 of pulse on-time, and at level 3 of pulse offtime; A2B1C2D3 is also the optimum parameter setting for maximum MRR and minimum TWR and SR. According to micrographs, the machined surface of 2024 alloy is smoother than that produced by Al/5%Al 2 Figure 14 . A rise in the peak current increases the discharge energy and the impulsive force, removing more melted material, and generating deeper and larger discharge craters, which are associated with increasing surface roughness. With an increase in the pulse current, the deeper craters became highly evident and rougher surfaces are more pronounced. This is a result of discharges surging more intensely to the surfaces as the pulse current increases, creating a great quantity of molten and floating metal suspended in the electro-discharge gap during EDM, which in turn, causes the SR to deteriorate.
Conclusions
The objective of this paper is to present the mathematical models for modeling and analysis of the effects of the machining parameters on the performance characteristics of 2024 alloy and Al/5%Al 2 O 3 MMCs in the EDM process. The mathematical models were developed to explain the influences of the machining parameters on the performance characteristics during the EDM process. An experimental investigation on the EDM of 2024 alloy and Al/5%Al 2 O 3 MMCs was carried out with the aim of enhancing the performance characteristics of MRR, TWR, and SR. Then, the optimization was carried out. EDM process was optimized using MiniTab ® 16.1.1 software, generally using the desirability function approach. Apart from the proposed modeling and optimization technique can also be utilized for the advanced and conventional machining of other engineering materials in modern manufacturing industries. An optimum parameter combination for the maximum MRR and minimum SR and TWR was obtained by using the analysis of S/N ratio. The confirmation tests indicated that it is possible to decrease TWR and SR and increase MRR significantly by using the proposed statistical technique. Furthermore, based on ANOVA method, the highly effective parameters on MRR, TWR, and SR were found. As shown by the ANOVA results, the voltage and pulse off-time were the most significant parameters affecting MRR in the machining of both materials used. Meanwhile, in the machining of Al/5%Al 2 O 3 MMCs, the SR was influenced by pulse off-time followed by current, pulse on-time, and voltage; in the machining of another material, which was 2024 alloy, the current had a significant effect on SR followed by pulse off-time, voltage, and pulse on-time. In addition, TWR values were influenced by the current in the machining of both materials used. The results showed that current and pulse off-time were the highly effective parameters influencing MRR, TWR, and SR in the machining of both materials used, whereas voltage and pulse on-time were less effective factors.
